ABSTRACT
INTRODUCTION
During pregnancy, the cardiovascular system adapts to the metabolic needs of mother and fetus. This adaptation induces an increase in circulating blood volume 1 , increased cardiac output 2 and a reduction in vascular resistance 3 . Whilst maternal cardiac adaptation to pregnancy has been evaluated in previous studies, few have evaluated left ventricular (LV) contractility 1,4−10 .
LV shortening depends on contractility, preload, afterload and heart rate. Conventional parameters of LV shortening such as ejection fraction (EF), global strain (GS) and LV velocity of circumferential fiber shortening (Vcfc) are all measures of LV shortening and are thus influenced by loading condition and heart rate in addition to myocardial contractile state. This has not been controlled for in previous studies 2, 5, 10 . The few studies published on diastolic function in normal pregnancies report variable results 8,10−12 . Whereas Bamfo et al., using tissue Doppler parameters, found diastolic LV function to be unaltered during normal pregnancy 8 , Kametas et al., using conventional Doppler measurements, found an increase in mitral peak E-wave velocity and in the ratio of E-wave/A-wave velocities in the first two trimesters, and then a decline in the third trimester 12 .
Zentner et al. found deterioration in both systolic and diastolic function late in normal pregnancy 13 . Possible explanations for the discrepant reports on systolic and diastolic LV function in normal pregnancies may be small sample sizes and differences in study populations. Moreover, novel methods and modalities for evaluation of systolic and diastolic function, such as tissue Doppler imaging and two-dimensional (2D) speckle tracking analysis of strain, have been introduced in this population.
Although cardiac events in healthy pregnant women are rare, heart disease may be revealed during pregnancy because of raised cardiac demands. Better knowledge of the LV response to pregnancy is needed, and may serve as a basis for counseling and surveillance of pregnant women.
Echocardiographic 2D speckle tracking techniques for analysis of strain and deformation offer a more detailed assessment of myocardial function and add important diagnostic and prognostic information to global assessment of LVEF and volume measurements 14 . We performed a comprehensive sequential observational study in a large cohort of healthy pregnant women. Non-invasive methods for analysis of LV global and regional systolic function, LV contractility and LV diastolic function were applied on three occasions during pregnancy and at 6 months postpartum.
METHODS
Healthy women with a normal singleton pregnancy in the first trimester were invited to participate in the study. Duration of the recruitment period was from December 2008 to June 2009. Gestational age was determined by ultrasound examination in the first trimester. Exclusion criteria were: previous pre-eclamptic pregnancy, previous fetal growth restriction and hypertension (i.e. systolic/diastolic blood pressure > 140/90 mmHg), proteinuria (i.e. urine albumin/creatinine ratio > 30 mg/mmol or proteinuria ≥ +1 on urine dipstick on two occasions at least 6 hours apart, before or after delivery), endocrinological disturbances, diabetes or any evidence of cardiovascular disease based on medical history, clinical and biochemical investigation, 12-channel electrocardiogram and echocardiography. Eligible women who gave written informed consent were included in the study. Ninety-three percent of invited women agreed to participate and were included. The study was approved by the Regional Committee for Medical Research Ethics.
Investigations were performed as an observational follow-up study at gestational weeks 14-16 (n = 65), 22-24 (n = 63) and 36 (n = 61), and finally at 6 months postpartum (n = 63). Six months postpartum was defined as the reference time point. Body surface area (BSA) for the indexation of cardiac output was measured and calculated at every consultation. Spontaneous miscarriage occurred after the first investigation in two women, who therefore did not undergo further examinations, and two women did not undergo a 36-week examination because of preterm birth. All subjects were subject to an overnight fast and rested for 5 minutes immediately before each examination.
Echocardiography
Standard echocardiographic recordings were obtained with the study subject in a left lateral decubitus position, in parasternal and apical projections as recommended 15 , using a digital ultrasound scanner (Vivid 7, GE Vingmed, Horten, Norway). Conventional gray-scale cineloops, pulsed and continuous wave Doppler recordings of blood flow velocities, as well as tissue Doppler cineloops of LV, were recorded. Frame rate during tissue-Doppler recordings was > 100 frames/s (FPS) and during 2D imaging was > 40 FPS. At least three consecutive cineloops were obtained and stored for offline analysis using dedicated software (Echopac version 7.0; GE Vingmed). Cardiac output was calculated from stroke volume (determined by pulsed-wave Doppler recordings) multiplied by heart rate. Left atrium area was calculated from the four-chamber view. Left ventricular end-diastolic volume (LVEDV), end-systolic volume (LVESV) and ejection fraction (LVEF) were calculated by use of Simpson's modified biplane method utilizing endocardial contours in the apical four-chamber view and either the two-chamber or long-axis view, depending on which provided the best endocardial definition 16 . LV mass was calculated from parasternal M-mode registrations, obtained by 2D imaging of LV dimensions (average of short-and long-axis recording), according to the Devereux formula 17 . Pulsed Doppler blood flow velocities were recorded at the mitral valve ring and tip, and in the LV outflow tract. The mitral peak early (E) and late (A) diastolic flow velocities were measured, and the E/A ratio was calculated 18 . Pulsed tissue Doppler recordings were obtained using a predefined 9-mm sample volume positioned at the septal and lateral aspects of basal LV at the junction with the mitral annulus in the apical four-chamber view 19 . Diastolic peak early (e ) and late (a ) mitral annular tissue velocities as well as peak systolic velocity (s ) are reported as the average of the septal and lateral annular values. The E/e ratio was calculated accordingly and deceleration time was measured 18 . All parameters derived from Doppler and tissue Doppler recordings were measured after rest for 5 minutes on at least three consecutive heart cycles and were averaged. Two-dimensional speckle tracking echocardiography (2D-STE) was performed in the standard three apical image planes. Longitudinal (peak negative systolic) GS was measured to assess regional and global myocardial function in a 16-segment model of the left ventricle 20 . LV contractility can be assessed by analysis of the relation between myocardial shortening velocity and afterload. We used the mean velocity of LV Vcfc normalized for heart rate plotted against LV afterload measured as LV end-systolic wall stress 21 . Vcfc was obtained as LV fractional shortening (i.e. end-diastolic minus end-systolic diameter over end-diastolic diameter) over ejection time (determined from echocardiographic registrations) and normalized for heart rate by dividing by the square root of cardiac cycle length. LV meridional wall stress (ELWS) was calculated in end-systole as:
where P es is end-systolic aortic root pressure (determined from tonometric pressure estimates), D es is LV mean inner diameter at end-systole and h es is LV average wall thickness (septum and posterior wall) obtained from parasternal mid-ventricular LV on 2D echocardiography (average of short-and long-axis recordings) obtained from leading edge to leading edge at end-systole.
All echocardiographic recordings and analyses were performed by one investigator, and all analyses of echocardiographic data were blinded for the time point during the offline analysis.
Aortic root pressure estimates
Non-invasive estimates of aortic root pressure curves were obtained by tonometric recordings (Millar SPT-301, Millar Instruments Inc., Houston, TX, USA) of the right subclavian artery waveform 23, 24 . The average of at least three consecutive pressure curves was used for calculation. The pulse trace was calibrated using brachial arterial systolic and diastolic blood pressures obtained by the oscillometric technique (Dinamap  ProCare 300-Monitor, Criticon; GE Medical Systems, Zipf, Austria) by use of a pneumatic cuff on the right upper arm. The device has been validated for use in pregnancy. The Dinamap ProCare 300 uses the same algorithm modeled on a mercury sphygmomanometry reference standard as does the Dinamap ProCare 400 which has also been validated in pregnancy and achieved the accuracy grade (A/A) according to the British Hypertension Society protocol and American Association for the Advancement of Medical Instrumentation recommendations 25 . Three recordings were obtained, and the mean of systolic and diastolic pressure was calculated and used for calibration of the subclavian artery pulse trace. End-systolic pressure was defined as pressure at the nadir of the dicrotic notch in the calibrated subclavian artery pulse trace 22, 23 . Total vascular resistance was calculated as mean arterial pressure (mmHg) over cardiac output (L/min).
Statistical analysis
Continuous follow-up data are presented as mean ± SD. We defined the recordings at 6 months postpartum as being the reference point. The changes in hemodynamic data during the three follow-up time points during pregnancy and at 6 months postpartum were analyzed by mixed model regression analysis with appropriate post-hoc statistical testing. Correlations between variables were tested using the Pearson correlation coefficient. An unpaired t-test was used to compare wall thickness between nulliparous and parous women. All statistical analyses were performed using SPSS statistical software (SPSS 16.0 Inc. Chicago, IL, USA). We considered P < 0.05 as statistically significant.
Recordings from 25 randomly selected study subjects were reanalyzed by the principal investigator (M.E.) and also by a second independent investigator experienced in echocardiography (J.O.B.). Inter-and intraobserver repeatability was assessed by calculation of intraclass correlation coefficients (ICC). For LVEDV, EF and GS, intraobserver ICCs were 0.81, 0.89 and 0.87, respectively, and interobserver ICCs were 0.90, 0.81 and 0.83, respectively.
RESULTS
In total, 65 women with a mean ± SD age of 32.0 ± 4.6 years were included in the study (Table 1) . Of these, 63 completed the study. Four women had hypothyroidism, all of whom used levothyroxine in therapeutic doses throughout pregnancy, and all were euthyroid. One woman had bronchial asthma and used budesonide and ipratropium bromide during pregnancy and was asymptomatic. None was a smoker during pregnancy; however, we have no information about smoking before becoming pregnant. Mean ± SD weight gain during pregnancy was 11.5 ± 10.0 kg. All women remained in sinus rhythm during pregnancy and follow-up. All women had uncomplicated delivery (59 vaginal deliveries and four Cesarean sections). There were no occurrences of gestational hypertension, pre-eclampsia or fetal growth restriction among the subjects. The mean ± SD birth weight was 3556 ± 600 g and gestational age at delivery was 39.5 ± 1.3 weeks. In all, 252 echocardiographic recordings, combined with calibrated subclavian pulse curves, were obtained; 94% of these were used for analysis.
LV morphology and systolic function
Systolic and diastolic blood pressure was reduced during pregnancy, and returned to normal levels at the reference point of 6 months postpartum (Table 1) . Notably, cardiac output and cardiac index were on average 20% and 15% higher (P < 0.001), respectively, throughout pregnancy, as compared to those at the control examination at 6 months postpartum. During pregnancy, LVEDV was on average 23% higher (P < 0.001) and LVEF decreased to 11% lower (6 percentage points, P < 0.001), both returning to within normal ranges at 6 months postpartum (Figures 1 and 2) . LV wall thickness increased slightly between weeks 14-16 and week 36, and remained unchanged at 6 months postpartum. There was no significant difference in wall thickness or LV mass between nulliparous and parous women (P = 0.63 and P = 0.84, respectively).
There was a small (6%) but significant (P < 0.02) reduction in LV longitudinal GS, a parameter of myocardial contraction, between weeks 22-24 and week 36 ( Figure 1 ). Basal myocardial peak systolic longitudinal velocity (s ) remained unchanged. LV mass increased by 14% during pregnancy (P = 0.01) with a peak at week 36 (P = 0.01). Although LV mass was decreased by 3% at the 6-month follow-up, it was still significantly elevated in comparison to weeks 14-16. When LV mass was indexed to body surface area, LV mass index steadily increased during pregnancy and remained elevated at 6 months postpartum (P = 0.01) ( Table 2) . To assess LV contractility during normal pregnancy, we analyzed changes in shortening velocity (LV Vcfc) vs afterload (LV end-systolic wall stress) ( Figure 2 and Table 3 ). LV end-systolic wall stress was reduced by 12% at 22-24 weeks as compared to that at 36 weeks and at 6 months postpartum (both P < 0.001). Vcfc was reduced by 6% at 36 weeks' gestation as compared to 6 months postpartum (P < 0.001). It also appeared that shortening velocity (Vcfc) significantly decreased from 14-16 weeks to 22-24 weeks with essentially no change in afterload (time points 1 and 2 in Figure 2 ), further supporting the finding of a progressive reduction in LV contractility in the first two trimesters.
Diastolic function
During pregnancy, there were only minor alterations in parameters of diastolic function and filling pressures (Table 4) . Transmitral E wave velocity decreased by 12.5% from weeks 14-16 to week 36 and remained decreased at 6 months postpartum (P < 0.001); E/A ratio decreased by 17.6% from weeks 14-16 to week 36 (P = 0.01). Mitral E wave deceleration time was unchanged. There was a significant increase (17%) in left atrial area (P < 0.001) during pregnancy as compared to 6 months postpartum. Early diastolic lengthening velocity (e ), a marker of diastolic function, was significantly reduced at 36 weeks compared to that at 14-16 weeks, and was persistently reduced at 6 months postpartum (P < 0.001). However, E/e as a marker of LV filling pressures remained essentially unaltered (P = 0.78). Diastolic function was graded after LV filling pressures as described by Ommen et al. 18 . No subject had evidence of increased LV filling pressure as judged by an E/e ratio > 15 during pregnancy. The number of subjects with evidence of increased LV filling pressures (E/e 8-15 and either an E deceleration time < 130 ms or an E/A ratio > 2) was zero at 14-16 weeks, one at 22-24 weeks, one at 36 weeks and one at 6 months postpartum.
DISCUSSION
The present study is one of the largest follow-up studies of maternal cardiac function throughout normal pregnancy using non-invasive measures of systolic and diastolic LV function. The findings support the idea that LV contractility is reduced during pregnancy. Previous studies have produced conflicting results regarding LV function during normal pregnancy 10, 12, 13, 26, 27 . In particular, data on LV function which take into account the effects of loading conditions are few 4, 6, 7, 9, 13 . Our finding that the LV ejection fraction was reduced during pregnancy concurs with previous studies by Robson et al. 2 , Mone et al. 7 and Zentner et al. 13 which found that, despite an apparent increase in function in early pregnancy, cardiac systolic and diastolic function appeared to deteriorate as the pregnancy progressed to term. This functional decline was evidenced by a reduction in both systolic myocardial velocities and EF. In addition, a reduction in e was observed, accompanied by changes in the mitral valve inflow and pulmonary vein flow.
We noted an earlier decline in LVEF (at weeks 22-24) than did Robson et al. 2 who found a reduced LV systolic performance only after 30 weeks of pregnancy. These results, and ours, contrast with those of Gilson et al. who observed no changes in LVEF during pregnancy 28 . Bamfo et al. found that long-axis shortening by M-mode decreased at the end of pregnancy 8 . Global strain was slightly reduced at week 36, compared to that measured at weeks 22-24, further supporting the idea that LV systolic function is reduced during pregnancy. Although reduced LVEF and GS suggest that LV contractility is reduced during pregnancy, these parameters are load-dependent. To adjust for influence of loading conditions, we plotted the preloadinsensitive parameter of LV contractility, Vcfc 21 vs LV afterload measured by LV end-systolic wall stress, and observed that Vcfc was reduced at 22-24 weeks compared to the reference measurement at 6 months postpartum. This finding suggests that LV contractility, as well as LV contractions, is reduced during pregnancy.
The expected LV systolic response to reduced afterload, given unchanged contractility, is increased shortening (Figure 3) . The reduced Vcfc and GS at 14-16 weeks and the reduced Vcfc and EF at 22-24 weeks, as compared to the 6-months postpartum reference, suggest that reduction in LV contractility commences in the second trimester and is maintained to partum.
We found an increase in cardiac output, cardiac index and heart rate during pregnancy, which concurs with previous studies 10, 26 . We also found an increase in LV end-systolic and LV end-diastolic septal and posterior wall thickness during pregnancy, which supports previous studies 10, 27 ; however, the sustained increase in wall thickness at 6 months postpartum has not been observed previously. Concordantly, LV mass and LV mass index reached peak value at the end of pregnancy, and the higher values were sustained to 6 months postpartum. It is unknown whether changes in LV hypertrophy and LV wall thickness occur as a response to volume overload during pregnancy, or whether changes early in pregnancy decrease LV mass, which is then recovered in late pregnancy and postpartum. Similar responses to increased blood volume and cardiac output over time have been observed in athletes 29 . We observed an increase in LV end-diastolic and LV end-systolic dimensions during pregnancy. This finding differs from the results of Mabie et al. 11 and Mesa et al. Figure 3 Illustrative graph showing that, given unchanged contractility, the expected left ventricular (LV) systolic response to reduced afterload, measured as LV end-systolic wall stress (σ es ), is increased shortening, as measured by mean velocity of LV circumferential fiber shortening (Vcfc) normalized for heart rate.
but agrees with those of Duvekot and Peeters 30 and Katz et al. 31 . Discrepant findings have been reported with regard to diastolic function during pregnancy 8, 10, 13, 32 . We found a mild reduction in e during pregnancy. It is uncertain whether this represents a true change in diastolic function or results from altered loading conditions. We demonstrated, as did Mesa et al. 10 and Zentner et al. 13 , that transmitral (E) velocity and E/A ratio decreased during pregnancy. However, we found an almost unchanged A velocity throughout pregnancy, contrary to previous studies reporting an increase in A velocity 10, 11 . Whereas left atrial area increased during pregnancy, E/e remained unaltered. These findings suggest that LV filling pressure was unaltered during pregnancy and postpartum. The reduced LV function is probably a consequence of physical changes during pregnancy. These findings may be comparable to exercise-induced cardiac fatigue, assuming that pregnancy has a similarity to moderate exercise, with increased cardiac output, increased peripheral perfusion (through the uterus rather than musculature) and oxygen demand.
Contractility, measured by Vcfc, GS and EF, has not often been described in studies on pre-eclamptic patients. Few studies have reported impaired systolic and diastolic function in pre-eclampsia 33 -35 . Women with congenital heart disease, pre-eclampsia or peripartum cardiomyopathy may experience deterioration in cardiac function during pregnancy. In this context, evaluation of cardiac function by estimating contractility in pregnant women may be of clinical relevance. The present methodology facilitates, by using non-invasive techniques, a framework for analysis of LV contractility since it takes into account not only LV shortening characteristics but also LV afterload.
One limitation of this study is that ethnic variation could not be evaluated in our analysis group, with 97% of the participants being of Caucasian origin; however, this is representative of the Norwegian population. The observed 20% increase in cardiac output (in comparison to that at 6 months postpartum) is lower than the 25-50% increase previously reported 1, 8, 13 , despite the fact that subjects in our study were of a similar weight and had weight changes during pregnancy similar to those of other reported populations.
Prepregnancy data would be preferred reference measurements for assessing hemodynamic alterations during pregnancy 36 . We used 6 months postpartum as a reference point, which is regarded as reasonable because most hemodynamic parameters return to prepregnancy values within 8-12 weeks 37 . We do not have information regarding breast feeding and use of hormonal contraceptives at the 6-month postpartum follow-up.
In conclusion, during normal pregnancy in healthy women, profound changes in LV systolic function were observed, most notably a reduced LVEF and myocardial GS as well as increased end-systolic and end-diastolic volumes. The analysis of LV shortening vs afterload supports the notion that LV contractility is reduced during pregnancy, with the reduction being most pronounced during the second trimester. This was accompanied by an increase in left atrial volumes, whereas LV filling pressures appeared to be unchanged. These findings underline the fact that pregnancy exerts a larger load on the cardiovascular system than had been previously assumed.
